It is well established that the survival of preterm infants has greatly increased over the last 20 years (Guyer et al. 1999 , Kramer et al 2000 , Jadcherla and Shaker 2001 . However, oral feeding difficulties are one of the most frequently encountered problems in preterm infants (Comrie and Helm 1997 , Lau and Hurst 1999 , Jadcherla and Shaker 2001 . One reason for a prolonged length of stay in hospital for preterm infants is the failure to complete oral feedings safely and successfully (Schanler et al. 1999) . Discharge criteria for preterm infants include medical stability, ability to attain full oral feeding, minimal weight gain of 15g/kg/day, and temperature self-regulation (American Academy of Pediatrics 1998).
Feeding specialists use various intervention techniques to facilitate the oral feeding process of preterm infants. One of the most common strategies used consists of sensorimotor input, such as cheek/chin support, oral, tactile, kinesthetic, auditory, and vestibular, and/or visual stimulation (Einarsson-Backes et al. 1993 , Gaebler and Hanzlik 1996 , Hill et al. 2000 , Fucile et al. 2002 , White-Traut et al. 2002 . Some of these intervention strategies have been shown to be effective. For instance, cheek/chin support during an oral feeding session increased volume intake (Einarsson-Backes et al. 1993) ; an oral stimulation program consisting of stroking the oral structures, provided before or after the introduction of oral feeding, led to earlier attainment of full oral feeding, greater weight gain, and earlier hospital discharge (Gaebler and Hanzlik 1996, Fucile et al. 2002) ; an auditory-tactile-visual-vestibular program accelerated the transition from tube to full oral feeding and shortened the length of hospitalization (White-Traut et al. 2002) . These studies demonstrated that sensorimotor interventions have beneficial effects on the oral feeding performance of preterm infants. However, it is unclear which components of sucking were enhanced.
Safe and efficient oral feeding in infants necessitates the coordination of sucking, swallowing, and breathing (Gryboski 1969 , Bu'Lock et al. 1990 ). Nutritive sucking is described as the intake of fluid from either the alternation of suction and expression or expression only (Lau et al. 1997) . Suction is the negative intraoral pressure generated by lowering the tongue and jaw, and closure of the naso-pharynx to draw milk out (Dubignon and Campbell 1969, Lau et al. 1997) . Expression is the stripping/compression of the nipple between the tongue and the hard palate to eject milk (Dubignon and Campbell 1969 , Lau et al. 1997 , Waterland et al. 1998 ). The majority of oral feeding strategies are aimed at improving oral feeding performance by enhancing sucking skills. However, to the authors' knowledge, few studies have investigated the direct benefits of these interventions on the components of sucking of preterm infants.
In an earlier study we described the clinical outcomes observed following a specific oral stimulation program, administered before the start of oral feedings (Fucile et al. 2002) . Following this intervention, the transition from tube to full oral feeding was accelerated by 1 week. This was associated with greater overall intake (volume taken/volume prescribed, %) and rate of milk transfer (mL/min). The present study was a continuation of this earlier work. Its purpose was to identify the sucking components that may have contributed to the observed clinical improvement. It was hypothesized that the oral stimulation program would: (1) accelerate the maturation of the sucking pattern; (2) enhance sucking frequency; (3) improve the amplitudes of suction and expression; and (4) increase endurance. A total of 32 preterm infants (13 males, 19 females) participated in the study. Infants were enrolled if they were: (1) born between 26 and 29 weeks' gestational age as determined by obstetric ultrasound and clinical examination -in instances where there was a discrepancy between the two methods, gestational age as determined by the clinical examination was selected; (2) of appropriate size for gestational age; (3) receiving tube feedings; and (4) without chronic medical complications, including bronchopulmonary dysplasia, intraventricular hemorrhages grades III and IV (Papile et al. 1978) , periventricular leukomalacia, necrotizing enterocolitis, and congenital anomalies (e.g. oral, heart, etc.).
PROCEDURE
A randomized trial was carried out. Infants in the experimental group received a non-nutritive oral stimulation program and those in the control group received a sham stimulation program. Both interventions were started before the start of oral feedings, 48 hours following discontinuation of nasal continuous positive airway pressure, and were administered once per day for 10 consecutive days, 15 to 30 minutes before a tube feeding.
The initiation and advancement of oral feeding was left to the discretion of the attending neonatologist. Nurses fed the infants in their customary fashion with nipples (teats) routinely used in the nursery. Nipple selection was left to the nurses' discretion. The duration of an oral feeding session was a maximum of 20 minutes, as per nursery protocol. Infants' sucking skills were monitored twice when they were taking 1 to 2 and 6 to 8 oral feedings per day.
The oral stimulation program consisted of stroking the perioral and intraoral structures for 15 minutes. Specific details of the program can be found in our earlier study (Fucile et al. 2002) . It was administered by one of the researchers (SF). Before commencing the program, a screen was placed around the isolette to ensure that caregivers and families were blinded to the assigned treatment (experimental vs sham). The infant was positioned supine in the isolette and the intervention was provided only if the infant was in an optimal behavioral state, i.e. drowsy to quiet alert (stages 3 and 4 of the Preterm Infants Behavior Scale from the Newborn Individualized Developmental Care and Assessment Program; NIDCAP; Als 1995). The sham stimulation program consisted of the same researcher placing her hands in the isolette for 15 minutes without touching the infant.
OUTCOME MEASURES
Oral feeding performance was assessed as a function of both clinical outcomes and sucking skills. Infants' oral feeding performance was followed longitudinally, i.e. when infants were taking 1 to 2 and 6 to 8 oral feedings per day.
Clinical outcomes included number of days to transition from tube to full oral feedings, overall intake (volume taken/ volume prescribed, %) and rate of milk transfer (mL/min; Fucile et al. 2002) . Sucking skills included the maturational level of the sucking pattern, sucking frequency, and amplitudes of suction and expression. Sucking pattern maturation was assessed using the sucking stage scale developed by Lau and colleagues (2000) . This is a 5-point scale that characterizes the developmental stages of the sucking pattern based on the presence/absence and rhythmicity of the suction and expression components. Sucking frequency (number of suction or expression peaks per second) and suction and expression amplitudes (mmHg), were calculated from sucking recordings obtained using a nipple-bottle apparatus described in a previous study (Lau et al. 1997) . A modification was made to the system to allow for the simultaneous recording of both the suction and expression amplitudes. The suction component was monitored from a Mikro-tip sensor transducer (Model SPR-524, Miller Instruments, Houston, TX, USA) inserted through a catheter flush with the tip of the nipple. The expression component was monitored via another Mikro-tip sensor inserted through a silastic catheter to 0.5cm from the tip of the nipple. This system used nipples routinely used in the nurseries. A weighted average for all sucking measures was calculated from two sucking bursts occurring within the first and last 5 minutes of an oral feeding session. The weighted averages were computed using the following formula: [T1(B1)+T2 (B2)]/ [T1+T2], with T1, T2, corresponding to the duration (in seconds) of the respective sucking bursts, and B1, B2 relating to the average value of a particular measure within the respective sucking bursts. The two sucking bursts analyzed were selected on the basis that their duration and stage of sucking were representative of all the sucking bursts occurring during these two time periods. Sucking bursts were delineated by periods of pause ≥ 1.5 seconds.
To the authors' knowledge, there is no objective measure of endurance. Thus, we speculated that infants' endurance would be reflected by their ability to maintain the same stage of sucking, sucking burst duration, and amplitudes of suction and/or expression throughout a feeding session. Hence, a comparison of each of these outcomes during the first and last 5 minutes of the oral feeding session was used as a measure of endurance.
The following covariates were taken into consideration: behavioral state of the infant at the start and end of the feeding session using the Preterm Infants Behavioral Scale from NID-CAP (Als 1995) ; episodes of apnea, bradycardia, and oxygen desaturations during the oral feeding session; and infants who received breastfeedings throughout the study.
STATISTICAL ANALYSIS
To assess the maturational level of sucking pattern and sucking frequency, paired and independent t-tests were used to compare within-and between-group differences respectively, at 1 to 2 and 6 to 8 oral feedings/day. The non-parametric Wilcoxon Median test was used to compare the amplitudes of the expression and suction components due to skewed distribution of these two measures. For the assessment of endurance, a paired t-test was used to compare the stages of sucking, sucking burst duration, and amplitudes of suction and expression during the first and last 5 minutes of the oral feeding session. Significance was set at 0.05.
Results
Baseline characteristics of the 32 infants are summarized in Table I . Both groups were appropriate size for gestational age and comparable for gestational age, birthweight, sex distribution, and Apgar scores at 5 minutes. Table I demonstrates that infants in the experimental group achieved full oral feedings 7 days sooner than the control group (p=0.005). The experimental group demonstrated significantly greater overall intake and rate of milk transfer at 1 to 2 oral feedings/day (p=0.01 and p=0.02 respectively). However, there was no difference between each group in postmenstrual age and weight at this time point.
Figure 1 demonstrates that both groups had similar sucking pattern maturation at 1 to 2 and 6 to 8 oral feedings/day (p≥0.36). Mean stage of sucking for the experimental group was 3.3 (SD 0.6) at 1 to 2 oral feedings/day and 3.5 (SD 0.6) at 6 to 8 oral feedings/day. For the control group, mean stage of sucking was 3.1 (SD 0.8) and 3.4 (SD 0.6) at these two time points. There was no difference within each group over time in the stages of sucking (p≥0.35).
Both groups had similar sucking frequency at the two time points (p≥ 0.06). The sucking frequency for the experimental group was 2.3 (SD 0.2) and 1.1 (SD 0.2) at 1 to 2 and 6 to 8 oral feedings/day respectively. For the control group, it was 2.6 (SD 0.5) and 1.3 (SD 0.3) at these two time points. Both groups demonstrated a significant decrease in sucking frequency over time (p≤0.001).
At the 1 to 2 oral feedings/day, the amplitude of the expression component in the experimental infants was significantly greater than that of the control counterparts (p=0.0003). At 6 to 8 oral feedings/day, both groups had similar suction and expression amplitudes (Table II) . There was no difference within each group over time (1 to 2 vs 6 to 8 feedings/day; p≥ 0.15) in either the suction or expression amplitudes. Table III illustrates that neither group demonstrated any changes in the stage of sucking, amplitudes of suction and expression, or sucking burst duration between the first and last 5 minutes of the oral feeding sessions monitored.
There was no difference in terms of behavioral state, number of episodes of apnea, bradycardia or oxygen desaturations, or breastfeeding sessions between the two groups.
Discussion
Sensorimotor strategies are widely used to enhance the oral feeding performance of preterm infants. However, the mechanism by which the improvement of sucking skills is mediated is not yet understood. This study investigated the contribution of sucking components towards the improvement of oral feeding performance in preterm infants following a specific non-nutritive oral stimulation program. It has been suggested that infants' overall intake and rate of milk transfer are indicators not only of their oral-motor skills, and ability to coordinate sucking, swallowing, and breathing, but also of fatigue or lack of endurance (Bu'Lock et al. 1990 , Lau and Schanler 1996). Thus, we postulated that the improved oral feeding performance demonstrated by the experimental group may be due to enhanced sucking skills, such as a more mature sucking pattern, increased sucking frequency, greater amplitudes of suction and/or expression, and increased endurance.
Our results indicate that the intervention program did not enhance sucking pattern maturation (hypothesis 1). This may be due to the criteria used to describe the five stages of sucking. Indeed, the stages are defined by the presence/absence of the expression and suction components, and their rhythmicity . They do not take into account the amplitudes of the expression and suction. Thus, alterations in magnitude of either suction or expression amplitudes are not reflected in the sucking stages.
There was no difference in sucking frequency between the two groups (hypothesis 2). Therefore, the increased volume intake in the experimental group cannot be attributed to faster sucking frequency as shown in previous studies (Sameroff 1968 , Jain et al. 1987 . Furthermore, contrary to other studies, we observed a decrease in sucking frequency over time (Kron et al. 1967 , Medoff-Cooper et al. 1993 ). This may be due to different methods of measuring sucking frequency. Unlike earlier monitoring devices, our nipple-bottle apparatus differentiates between the suction and expression components. Thus, we measured sucking frequency by the number of suction peaks when the sucking pattern comprised of the alternation of suction/expression, and by the number of expression peaks when only expression was present.
The oral stimulation program enhanced the expression amplitude but not that of the suction component (hypothesis 3). It is conceivable that the intervention accelerated the maturation/coordination of the muscles (e.g. tongue, jaw) used for expression more than those implicated for the generation of suction, leading to a more efficient stripping action of the tongue. Further studies are needed to verify this speculation. Contrary to one of our earlier studies, we did not find an increase in suction amplitude as infants progressed from 1 to 8 oral feedings/day . This may be explained by the different flow systems used. In our earlier study, a milk reservoir open to the atmosphere was used which eliminated the vacuum build-up that naturally occurs in bottles as infants suck. However, in the present study, regular bottles were used.
Oral Stimulation and Sucking Skill Maturation S Fucile et al. 161 Thus, negative pressure accumulated in the bottle. We have speculated that this built-up negative pressure opposes the suction force exerted by the infant and decreases not only the amplitude of their suction, but also their sucking efficiency . Large variations were noted for both suction and expression amplitudes in each group. This could not be attributed to infants' varying maturity because there was no difference in postmenstrual age and weight between both groups at 1 to 2 and 6 to 8 oral feedings/day. It has been suggested that these large variations are normal and reflect individual differences in ability to coordinate sucking, swallowing, and breathing, different levels of fatigue, and other behavioral characteristics (Medoff-Cooper et al. 1993 . Based on the measure of endurance defined in our study, we expected the experimental group would have greater endurance than the control group because of the increased practice opportunities obtained through the intervention program (hypothesis 4). This was not observed. Instead, infants in both groups were able to sustain the same level of sucking stage, expression and suction amplitudes, and sucking burst duration at the start and end of the oral feeding session. This may be an indication that infants in both groups were not fatigued. However, endurance during oral feeding is a complex phenomenon involving not only the infant's ability to sustain a particular sucking pattern, but also their ability to maintain a consistent behavioral state, respiratory rate, and oxygen saturation throughout an oral feeding session. Thus comparing rate of milk transfer during the first and last 5 minutes of the feeding session may be a better indicator of endurance, because milk transfer is influenced by all these factors as well as infants' fatigue (Lau and Schanler 1996) .
This study has provided evidence that a non-nutritive oral stimulation program that facilitated the development of the expression component of sucking can enhance oral feeding performance. However, the expression component is just one of many factors involved in the achievement of safe and successful oral feeding. Therefore, the development of additional interventions aimed at facilitating the development of other skills involved in oral feeding, such as enhancing the suction component, behavioral state, and respiratory control, may be of great importance in order to develop more efficacious feeding intervention strategies.
In conclusion, we have demonstrated that oral stimulation programs can advance the maturation of specific sucking skills. This supports the notion that the development of sucking is not only an inborn conditioned reflex dependent upon neurophysiological maturation, but that it can also be enhanced with practice. 
